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Sources of entangled photon pairs using two parametric down-converters are capable of generating
interchangeable entanglement in two different degrees of freedom. The connection between these
two degrees of freedom allows the control of the entanglement properties of one, by acting on the
other degree of freedom. We demonstrate experimentally, the quantum distillation of the position
entanglement using polarization analyzers.
PACS numbers: 42.50.Ar, 42.25.Kb
I. INTRODUCTION
Quantum interference with twin photons from the
parametric down-conversion, has been used in a large
number of experiments [1], concerning the basic concepts
of quantum mechanics and quantum properties of the
electromagnetic field. This system has also been shown
to be a versatile tool for testing concepts and approaches
to be used in quantum information. Among the experi-
ments related to quantum information, we will focus our
attention in those dedicated to the production and con-
trol of entangled states. Recently, Kwiat and co-workers
have introduced a source of polarization entangled pho-
ton pairs, using two nonlinear crystals [2]. This source
consists of two thin crystals close together, so that a very
good spatial mode overlap is obtained between the modes
of the two crystals and a polarization entangled state
with high degree of purity and controlled degree of en-
tanglement is obtained. The same kind of source has
been used to demonstrate the existence of decoherence-
free sub-spaces for the polarization, where the decoher-
ence arose from the coupling with the energy degree of
freedom [3], and reduction of the communication com-
plexity [4].
In the quantum information scenario, local operations
and classical communication can be used to enhance the
quantum correlations of non-maximally entangled states
[5]. A scheme to recover the entanglement in a filtering
process of the polarization degree of freedom was pro-
posed and implemented [6]. This procedure, called quan-
tum distillation, permits extracting from an ensemble of
non-maximally entangled states a sub-ensemble of max-
imally entangled states with sounding perspectives for
quantum information processing.
In this two crystal source the produced pairs of photons
are entangled in other degrees of freedom than polariza-
tion. Due to the fact that pairs of photons are generated
either in one crystal or in the other they are also en-
tangled in the space of the transverse components of the
momentum. This kind of entanglement is also present for
single crystal sources, but when we have two separated
crystals it is possible to describe the state of the field as
a superposition of discrete states labeled by the photon
pair’s birth position, which is the position of each crystal
[7,8]. We call it position entanglement. In order to be
able to detect the quantum interference arising from the
entanglement in this degree of freedom, it is necessary to
arrange the crystals in a suitable configuration, so that
the phase difference between the states of the superposi-
tion can be varied [7,8]. In the experiments of Refs. [2–4]
the pairs of photons are distinguishable by their polar-
ization, but even if they had the same polarization, the
observation of the interference due to the position entan-
glement would not be possible. There, the crystals were
so close and so thin that the phase difference between the
states of the superposition varies too much slowly with
the control parameters. In this work, we propose and im-
plement a scheme for performing the quantum distillation
based on the idea that actions in one degree of freedom
affects the entanglement properties in the other. Using
a suitable two crystals configuration to produce photon
pairs with interchangeable entanglement in polarization
and position, we will demonstrate the distillation of po-
sition entangled states acting in the polarization degree
of freedom.
II. DISTILLATION SCHEME
Let us consider the experimental set-up sketched in
the Fig. 1. A 45o linearly polarized laser beam pumps
two type I nonlinear crystals with optical axes perpen-
dicularly oriented, one in the vertical direction(V) and
the other horizontal(H). By parametric down-conversion,
two pairs of photons can be generated in two light cones,
in each one of the crystals. The first crystal is pumped
by the vertical component of the laser, emitting horizon-
tally polarized pairs of photons, while the second one
is pumped by the horizontal component producing ver-
tically polarized pairs of photons. By superposing sig-
nal and idler beams coming from each crystal, so that
spatial mode matching is obtained, we get the posi-
tion/polarization entangled state:
|ψ〉 = [|2H , 0V 〉+ eiφ|0H , 2V 〉
]
/
√
2, (1)
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where the phase φ depends on the pump phase at each
crystal and on the optical path from crystals to detectors
[7,8]. This is a maximally entangled state, as both crys-
tals are equally pumped and have equal probabilities to
produce a pair of photons.
Our measurements are focusing on the degree of entan-
glement, which is the parameter to be distillated. Note
that the degree of entanglement is the same for both de-
grees of freedom, however projections on one sub-space
may change the degree of entanglement differently for
the different degrees of freedom. If the two crystals were
producing beams with the same polarization, the position
entanglement could be observed by detecting signal and
idler photons in coincidence. The displacement of the de-
tectors would vary the optical path differences between
the two possible realizations of the two photon field, giv-
ing rise to oscillations in the coincidence counting rate
[7,8]. As the crystals are emitting pairs of photons with
different polarizations, they become distinguishable and
the position interference can only be observed, if polar-
ization analyzers are placed before detectors. Setting the
polarization analyzers to 45o, the field after them are not
entangled in polarization anymore, but the position in-
terference can be observed. By changing the pump laser
polarization we can control the degree of entanglement
in such a way that the state of field can be described by:
|ψ〉 = cos θP |2H , 0V 〉+ sin θP eiφ|0H , 2V 〉, (2)
where θP gives the pump laser polarization angle. After
crossing the polarization analyzers, with axis oriented
both in θA direction, the state the state of the down-
converted field is reduced to:
|ψ〉 = cos θP cos2 θA|2, 0〉+ sin θP sin2 θAeiφ|0, 2〉. (3)
¿From Eq.3 above, it is seen that by properly orient-
ing the polarization analyzers, it is possible to control the
coefficients of the superposition and therefore to control
the degree of entanglement of the outgoing state. In or-
der to demonstrate the operation of the scheme, we will
change the pump beam polarization, preparing position
entangled states with different degrees of entanglement.
For each input degree of entanglement, the analyzers will
be properly set for recovering the maximal degree of en-
tanglement.
III. EXPERIMENT AND RESULTS
The experimental setup is shown in Fig. 1. A cw
He-Cd laser operating at 442nm pumps two 1cm long
LiIO3 crystals cut for type I phase matching. Two sig-
nal and idler beams at the degenerate wavelength 884nm
emerge from the crystals at about 3o with respect to the
pump beam direction of propagation. Crystal 2 is placed
about 5mm from crystal 1. After crossing the analyz-
ers the photon pair is detected with avalanche photodi-
ode counting modules, placed about 80cm from crystal
2. The detected light is collected by a thin slit of about
0.5mm, a 10nm bandwidth IF(interference filter) cen-
tered at 884nm and a 50mm focal length lens at the de-
tector entrance. The transverse momentum correlations
are measured displacingD1 along the horizontal direction
and fixing the analyzers at 45o. As a result fourth-order
interference fringes are obtained as displayed in Fig. 2,
presenting fringes visibility of about 80%. This visibility
is the signature of the maximally entangled state in our
experimental configuration. The non maximally entan-
gled state is produced by rotating the pump HWP so that
θP = 22.5
o. The measurement of the fourth-order inter-
ference is repeated. Fig. 3 shows the interference fringes
with visibility of about 50%, and therefore a lower degree
of entanglement. Now we follow to distill the position en-
tangled state. First we rotate both analyzers by the same
angle as the pump HWP. The interference pattern visi-
bility is about 56% as we can see in Fig. 4. In order
to find the angles for the analyzers that maximize the
distillation, we have rotated both analyzers and searched
for the maximum visibility. This have been done for the
angles θA = 55
o, θA = 57
o and θA = 59
o. The results are
displayed in Figs. 5, 6, and 7, with visibilities of about
72%, 77% and 70% respectively. The higher visibility was
found for θA = 57
o which corresponds to the analyzers’
angle that balance the coefficients of the state predicted
by Eq.3:
cosθP cos
2 θA = sin θP sin
2 θA. (4)
This relation express how the analyzers have to be ori-
ented to distill a non maximally entangled state.
In order to verify our distillation scheme we prepared
entangled states with different degrees of entanglement.
Fig. 8 shows the application of Eq.4 for several pump
laser polarization angles and analyzers properly oriented.
The results show the interference patterns for the non
maximally entangled states with both analyzers at 45o
(left side) and with proper analyzers’ angles (right side).
In all cases, the degree of entanglement was increased in
agreement with Eq. 4. In this set of data, the visibility
of the maximally entangled state was about 66%.
IV. DISCUSSION
The experimental results presented above are a sim-
ple demonstration of how one can manipulate the en-
tanglement properties of a photon pair, with the use of
interchangeable entanglement in two different degrees of
freedom. In our case, the position entanglement can be
manipulated acting in the polarization degree of freedom
in order to control the degree of entanglement.
The visibilities of the interference patterns for the max-
imally entangled states are not 100%. This is due to
technical imperfections. Detection through a very small
aperture, would project both modes (coming from crys-
tals 1 and 2) onto the same transverse mode. In the
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experiment, however, detection through finite apertures
implies in the increase of the degree of distinguishability
of the modes, and a lower visibility. The simple theory
we have used is enough to explain the main features of
the distillation process. However a multimode theory is
necessary to take into account the effects that reduce the
maximal visibility.
Envisaging applications in quantum communications,
this scheme could be used for recovering maximal en-
tanglement when a transmitted signal containing infor-
mation in the quantum superposition state, is degraded
by propagation. In our demonstration, the degree of en-
tanglement was previously known, as it was prepared by
setting the pump HWP orientation. However, it works
for an unknown input degree of entanglement. The re-
ceiver should properly tune the angles of the analyzers
for maximizing the fringes visibility. This action would
be effective for restoring the maximal degree of entan-
glement in the case where the propagation disturbances
change in a time scale much smaller than those of the
communication protocol. The reliability of the position
entanglement for quantum communication still needs to
be demonstrated. We believe that this degree of free-
dom may be quite useful, for example, if the entangle-
ment properties are preserved after propagation through
a multimode optical fiber.
Another interesting perspective is to add a third en-
tangled degree of freedom, for example the entanglement
in the orbital angular momentum. This third degree of
freedom could open new possibilities for monitoring and
controlling the entanglement properties of other degrees
of freedom.
V. CONCLUSION
We propose and demonstrate experimentally a scheme
for performing quantum distillation of the position en-
tanglement by manipulating the polarization degree of
freedom.
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FIG. 1. Experimental setup.
FIG. 2. Fourth-order interference fringes measured by
transverse scan of the D1 detector keeping D2 fixed. Max-
imally entangled state. µ is the visibility of the fringes.
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FIG. 3. Fourth-order interference fringes measured by
transverse scan of the D1 detector keeping D2 fixed. Non
maximally entangled state. µ is the visibility of the fringes.
FIG. 4. Fourth-order interference fringes measured by
transverse scan of the D1 detector keeping D2 fixed. En-
hancement of the degree of entanglement by setting the angle
of the analyzers to 22.5o. µ is the visibility of the fringes.
FIG. 5. Fourth-order interference fringes measured by
transverse scan of the D1 detector keeping D2 fixed. En-
hancement of the degree of entanglement by setting the angle
of the analyzers to 55o. µ is the visibility of the fringes.
FIG. 6. Fourth-order interference fringes measured by
transverse scan of the D1 detector keeping D2 fixed. En-
hancement of the degree of entanglement by setting the angle
of the analyzers to 57o. µ is the visibility of the fringes.
4
FIG. 7. Fourth-order interference fringes measured by
transverse scan of the D1 detector keeping D2 fixed. En-
hancement of the degree of entanglement by setting the angle
of the analyzers to 59o. µ is the visibility of the fringes.
FIG. 8. Left side: non maximally entangled states pro-
duced by setting the angle of the pump HWP to (a) θP = 10
o,
(b) θP = 20
o and (c) θP = 30
o; right side: enhancement of
the degree of entanglement by setting the angle of the ana-
lyzers to (d) θA = 67
o, (e) θA = 59
o and (f) θA = 53
o. µ is
the visilibity of the fringes.
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